ABSTRACT The effectiveness of pulsed UV light on the microbial load of boneless chicken breast was investigated. Unpackaged and vacuum-packaged samples inoculated with an antibiotic-resistant strain of Salmonella Typhimurium on the top surfaces were treated with pulsed UV light for 5, 15, 30, 45, and 60 s at 5, 8, and 13 cm distance from the quartz window in the pulsed UV light chamber. The log 10 reductions of Salmonella (cfu/cm 2 ) on unpackaged samples varied from 1.2 to 2.4 after a 5-s treatment at 13 cm and a 60-s treatment at 5 cm, respectively. The log 10 reductions on vacuum-packaged samples varied from 0.8 to 2.4 after the 5-s treatment at 13 cm and the 60-s treatment at 5 cm, respectively. The optimum treatment conditions were determined to be 5 cm-15 s for unpackaged samples and 5 cm-30 s for vacuum-packaged samples, both of which resulted in about 2 log 10 reduction (~99%). The total energy and temperatures of samples increased with longer treatment time and shorter distance from the quartz window in the pulsed UV light chamber. The changes in chemical quality and color of samples were determined after mild (at 13 cm for 5 s), moderate (at 8 cm for 30 s), and extreme (at 5 cm for 60 s) treatments. Neither malonaldehyde contents nor color parameters changed significantly (P > 0.05) after mild and moderate treatments. Mechanical properties of the packaging material were analyzed before and after pulsed UV light treatments. The elastic modulus at both along-machine and perpendicular-tomachine direction and yield strength at perpendicularto-machine direction changed significantly (P < 0.05) after extreme treatment. Overall, these results clearly indicate that pulsed UV light has a potential to be used for decontamination of unpackaged and vacuumpackaged poultry.
INTRODUCTION
Infectious diseases are still a significant concern throughout the world. In the United States, around 76 million cases of foodborne illnesses, resulting in 325,000 hospitalizations and 5,000 deaths, are estimated to occur each year (Mead et al., 1999) . In the United States, illnesses caused by the major pathogens alone are estimated to cost up to $37.1 billion annually in medical costs and lost productivity (Kunkel and Luccia, 2006) .
There has been a remarkable increase in the consumption of poultry and processed poultry products since the 1960s (Capita et al., 2002) . This increase is mostly due to the low production costs, rapid growth rates, high nutritional values, and the increased production of further processed products of poultry (Daigle, 2005) .
Worldwide, 70 million metric tons of poultry meat were produced in 2000 with an average annual production growth rate of 5.3% during the last 4 decades (Bilgili, 2001) . In 2001, poultry consumption was estimated to be around 27% of the world's total meat consumption (Capita et al., 2002) .
As consumption of the poultry products increases, the microbial safety of these foods becomes more important for consumers, producers, and public health officials. Live poultry animals contain several different microorganisms on their skin, feathers, and in their alimentary tract (Kozacinski et al., 2006) . Therefore, contamination of poultry carcasses during slaughtering procedures is usually unavoidable during the conversion of live animals to meat for consumption (Capita et al., 2002) .
Major pathogens found in poultry products are Campylobacter spp., Clostridium botulinum, Clostridium perfringens, Erysipelothrix rhusiopathiae, Escherichia coli O157:H7, Listeria monocytogenes, Mycoplasma gallisepticum, Mycoplasma synoviae, Pasteurella multo-cida, Riemerella anatipestifer, Salmonella spp., Staphylococcus aureus, Vibrio spp., and Yersinia enterocolitica (Capita et al., 2002; Health Canada, 2002) . According to the recent reports, Salmonella and Campylobacter spp. are the most common causes of human foodborne bacterial diseases linked to poultry (Hafez, 2005) , whereas L. monocytogenes is a serious problem associated with the processed poultry.
A multistate outbreak of Salmonella occurred in the United States in 2007, which was associated with frozen turkey pot pies. This outbreak involved 401 cases in 41 states, with 32% hospitalizations (CDC, 2008) . In Europe, a multi-country outbreak of Salmonella occurred in 2008, which was associated with meat products including chicken in various forms. This outbreak involved at least 119 cases, which occurred in the United Kingdom, Ireland, and Finland (O'Flanagan et al., 2008) .
To eliminate pathogens on poultry products, various physical and chemical methods have been studied. Washing poultry carcasses with pressurized potable water (at 40 to 70°C) is extensively used in the poultry processing industry and may reduce the surface counts by 90 to 99% (Keener et al., 2004) . Fabrizio et al. (2002) compared electrolyzed oxidizing water with various antimicrobial interventions to reduce Salmonella Typhimurium on poultry. Acidic electrolyzed oxidizing water reduced Salmonella on poultry surfaces by 0.86 and 1.06 log 10 on the first and seventh day of storage, respectively. Arritt et al. (2002) investigated the effect of various chemical treatments on Campylobacter jejuni populations on chicken breast skin. A reduction of 4.67 log 10 cfu/skin was observed with 0.5% cetylpyridinium chloride, whereas a reduction of 1.28 log 10 cfu/skin was observed with 10% trisodium phosphate.
Although the present decontamination methods such as hot water spray, chilling, irradiation, trisodium phosphate, and lactic acid have demonstrated reductions in microbial loads of poultry, these methods have certain economic and quality drawbacks or risk of failure. Therefore, there is still a need for a safe and economical treatment method for the decontamination of raw poultry products.
Pulsed UV light is a novel technology, which offers effective inactivation of pathogens on the food surfaces in very short periods of time. Basically, a pulsed UV light lamp produces a continual broadband spectrum from the deep UV to infrared. This continual spectrum is especially rich and efficient in the UV range below 400 nm, which is germicidal. The system involves pulsing of a xenon gas lamp with microsecond pulse duration and multiple pulses per second (Dunn, 1996) . Pulsed UV light may be used for the inactivation of microorganisms on raw and minimally processed foods because this technology is considered to be nonthermal for short processing times. It is also an alternative decontamination technique to irradiation. In 1999, pulsed light treatment of food was approved by the Food and Drug Administration (Federal Register, 1999 ).
Various studies have been conducted to evaluate the effectiveness of pulsed UV light treatment for the decontamination of foods. Ozer and Demirci (2006) investigated the efficacy of pulsed UV light treatment to inactivate E. coli O157:H7 and L. monocytogenes on raw salmon. A reduction of 1 log 10 (~90%) of both E. coli O157:H7 and L. monocytogenes Scott A was obtained for 60 s (3 pulses/s) treatment at a distance 8 cm from the quartz window (5.8 cm from UV strobe) in the pulsed UV light chamber (5.6 j/cm 2 per pulse on the strobe surface) without any change in the quality of the sample. Bialka and Demirci (2007) studied the decontamination of blueberries with pulsed UV light. Maximum reductions of 4.3 and 2.9 log 10 cfu/g were achieved after a 60-s treatment at a distance of 8 cm from the quartz window (5.8 cm from the UV strobe) for S. enterica and E. coli O157:H7, respectively. Krishnamurthy et al. (2007) investigated the pasteurization of milk with continuous pulsed UV light treatment. Complete inactivation of Staphylococcus aureus was achieved after treatment of milk at a distance of 8 cm from the quartz window, in a single pass, and at a flow rate of 20 mL/ min and after treatment at a distance of 11 cm, in 2 passes, and at a flow rate of 20 mL/min.
In this study, the effectiveness of pulsed UV light treatment on Salmonella Typhimurium was investigated for decontamination of unpackaged and vacuum-packaged raw boneless chicken breasts. The specific objectives of this study were to determine log reductions of Salmonella populations after pulsed UV light treatment, to evaluate the effect of pulsed UV light treatment on the lipid peroxidation and color quality of samples, and to assess the effect of pulsed UV light on the mechanical properties of plastic packaging material.
MATERIALS AND METHODS

Microorganism
Salmonella Typhimurium (ATCC 13311) was obtained from the Pennsylvania State Food Microbiology Culture Collection. The stock cultures were stored in 20% sterile glycerol solution in an ultra-low freezer (−80°C). The culture was maintained on tryptic soy agar (Difco, Sparks, MD) slants at 4°C.
To suppress any background flora present on the surfaces of chicken breast samples, antibiotic-containing agar media were prepared, on which only antibiotic-resistant Salmonella strains could grow. These antibioticresistant Salmonella cultures were prepared as described by Catalano and Knabel (1994) . Briefly, Salmonella Typhimurium was grown in 10 mL of tryptic soy broth supplemented with 0.6% yeast extract (TSBYE) for 24 h at 37°C. Then, a loopful portion was streaked onto slants of tryptic soy agar supplemented with 0.6% yeast extract (TSAYE) and the slants were incubated for 24 h at 37°C. After the incubation, colonies were picked and streaked onto TSAYE plates with 100 μg/mL of nalidixic acid and incubated at 37°C for 24 h. Then, the surviving cells were picked and plated onto TSAYE plates with 100 μg/mL of nalidixic acid and incubated for 24 h at 37°C. At the end of the fifth subsequent plating, the isolated colonies were maintained in TS-BYE with 100 μg/mL of nalidixic acid. One milliliter of this culture was inoculated into 10 mL of TSBYE with 100 μg/mL of nalidixic acid and incubated for 24 h at 37°C. Then, a loopful portion was streaked onto TSAYE plates with 100 μg/mL of both nalidixic acid and streptomycin sulfate (TSAYE-NS) and incubated at 37°C for 24 h. After the incubation, the surviving cells were picked and plated onto TSAYE-NS and incubated at 37°C for 24 h. At the end of the fifth subsequent plating, the isolated colonies (spontaneous mutants) were isolated and named as nalidixic acid-and streptomycin sulfate-resistant (NSR) Salmonella Typhimurium. This antibiotic-resistant strain was stored at −80°C in 20% glycerol solution and maintained on an TSAYE-NS slant at 4°C, which was subcultured ever other week to maintain viability.
Preparation of Inoculum
The NSR Salmonella Typhimurium was grown in 100 mL of TSBYE plates with 100 μg/mL of both nalidixic acid and streptomycin sulfate for 24 h at 37°C and then harvested by centrifugation (3,300 × g, 30 min, 10°C). At the end of centrifugation, the supernatant was discarded. Cells were then washed with sterile 0.1% peptone water and centrifuged for 30 min at 3,300 × g and 10°C. After discarding the supernatant, cells were resuspended in 10 mL of 0.1% peptone water, which yielded approximately 10 8 cfu/mL.
Inoculation of Boneless Chicken Breast
Boneless chicken breast was obtained from a local market and stored in the freezer at −20°C. Two days before the experiment, the frozen meat was transferred to the refrigerator (4°C) to facilitate the thawing. The meat was then kept at room temperature for about 2 h before the experiment. The chicken breast was cut into small pieces (4 × 4 × 1 cm). The samples were then inoculated with 0.1 mL of the prepared inoculum of NSR Salmonella Typhimurium on the top side of the chicken breast, to obtain pathogen levels of approximately 5 to 6 log 10 cfu on the 16 cm 2 surface. The samples were then kept in a microbiological hood for 1 h under laminar flow at room temperature.
Only the top sides were inoculated because the pulsed UV light chamber was equipped with 1 lamp on the top (Figure 1 ). To expose all of the sides, samples had to be rotated. However, the rotation of samples would make the execution of the trials harder. Therefore, the samples were exposed to pulsed light only on the top side without any rotation.
Preparation of Vacuum-Packaged Poultry
To select the appropriate plastic packaging material for pulsed UV processing, commonly used plastics including E-300 (Cryovac, Duncan, SC), polynylone (San Diego Bags, San Diego, CA), polypropylene (San Diego Bags), low-density polyethylene (Bloomer Plastics Inc., Bloomer, WI), and polyethylene (Cryovac) films were evaluated for their abilities to transmit UV light. The UV light transmittance of plastics was tested by exposing each plastic film to a deuterium lamp at close proximity in front of a spectrometer (Ocean Optics, Dunedin, FL), which provided a graph of percentage of light allowed versus wavelength. To provide maximum exposure of samples to UV light, the packaging material that transmitted the highest portion of UV light was chosen for pulsed UV light treatments. For vacuum-packaging, the selected plastic packaging material was folded in half, and the sides were heat-sealed. After the inoculated sample was placed in the plastic bag, it was vacuum-sealed using a vacuum packager (Minipack MVS-45 V, MachineRunner Inc., New York, NY).
Pulsed UV Light System
Pulsed light was applied to unpackaged and vacuumpackaged raw boneless chicken breast samples using the SteriPulse-XL 3000 Pulsed UV-Light System (Xenon Corporation, Wilmington, MA; Figure 1 ). The system included a laboratory test chamber (0.64 m × 0.15 m × 0.19 m) and several shelf settings, which allowed for the treatment of samples at varying distances from the lamp. The UV lamp pulsed 3 times per second. The duration of each pulse was 360 μs. An input voltage of 3,800 V was used to generate 1.27 j/cm 2 per pulse of radiant energy at 1.5 cm below the lamp surface, producing a polychromatic radiation in the wavelength range of 100 to 1,100 nm, with 54% of the energy being in the UV light region (Krishnamurthy et al., 2010) . 
Treatment with Pulsed UV Light
The samples (unpackaged or vacuum-packaged) were placed on the shelf in the pulsed UV light chamber ( Figure 1 ). The treatment was optimized by the number of pulses and the distance between the sample and the UV strobe. Accordingly, samples were treated for 5, 15, 30, 45, and 60 s at distances of 5, 8, and 13 cm from the quartz window, which was at a distance of 5.8 cm from the central axis of the UV strobe.
Temperature and Energy Measurements
During the pulsed UV light treatment, the temperatures of sample surfaces were monitored using a type K thermocouple (Omegaette HH306, Omega Engineering Inc., Stamford, CT) for up to 60 s by inserting the thermocouple into a depth of 2 to 3 mm from the top surface of the meat samples. The amount of energy received by the samples in the pulsed UV light chamber was measured at each shelf height by a Nova Laser Power energy monitor (Ophir Optronics Ltd., Wilmington, MA), which averaged the energy level over 9 pulses. The amount of energy was calculated and expressed in joules per square centimeter for each treatment condition.
Microbiological Analysis
After the pulsed UV light treatments, unpackaged and packaged samples were analyzed for microbial population for treated and untreated samples. To perform the microbial analysis, first, the meat sample was transferred to a filtered stomacher bag (Spiral Biotech, Norwood, MA) containing 50 mL of buffered peptone water (EMD Chemicals, Gibbstown, Nj) and pummeled in a stomacher (model 400, Seward Ltd., Worthing, UK) for 2 min. Stomached samples were serially diluted in buffered peptone water. Then, the dilutions were spiral-plated in duplicate onto TSAYE-NS plates using an autoplater (Autoplate 4000, Spiral Biotech). The plates were then incubated at 37°C for 24 h. Finally, Salmonella Typhimurium colonies were counted using an autocounter (Q-Count, Version 2.1, Spiral Biotech). The counts were expressed as colony-forming units per square centimeter. Presumptive Salmonella colonies were confirmed serologically using a Salmonella agglutination latex assay (Remel, Lenexa, KS).
Quality Measurements
To ensure the quality of meat samples in terms of chemical stability and color, the extent of lipid peroxidation and color change were determined using the TBA reactive substances (TBARS) method (Ouattara et al., 2002) and the CIELAB color method (Bialka and Demirci, 2007) , respectively.
TBARS Test. The extent of lipid oxidation during pulsed UV treatment was determined according to the TBARS method (Ouattara et al., 2002) . A brief procedure for this method is as follows: samples (10 g) untreated and treated with pulsed UV light at the mild (at 13 cm for 5 s), moderate (at 8 cm for 30 s), and extreme (at 5 cm for 60 s) treatment conditions were homogenized for 1 min in a Waring blender (Waring Commercial, Torrington, CT) with 50 mL of distilled deionized water and 10 mL of 15% (wt/vol) trichloroacetic acid. After the homogenate was filtered through Whatman no. 4 filter paper (Whatman Inc., Florham Park, Nj), the filtrate was refiltered through a 0.45-μm syringe filter (Pall Life Sciences, East Hills, NY). The filtrate (8 mL) was then added to test tubes containing 2 mL of 0.06 M TBA (Merck, Whitehouse Station, Nj). Test tubes were subsequently incubated for 90 min in a water bath at 80°C and cooled to room temperature before absorbencies were read at 520 nm using a spectrophotometer (DU series 500, Beckman, Fullerton, CA).
The malonaldehyde (MDA) content was calculated from a standard curve prepared using serial dilutions of 1,1,3,3-tetraethoxypropane expressed as milligrams per kilogram (Lawlor et al., 2000) . First, a 3 × 10 −5 M solution was prepared by diluting 3 × 10 −4 M stock solution of 1,1,3,3-tetraethoxypropane. Aliquots of the solution (0, 0.33, 0.66, 1.0, 1.33, 1.66, and 2 mL) were diluted to 10 mL with deionized water water. Then, 5 mL of each dilution was added to screw-capped test tubes containing 5 mL of 0.02 M TBA in 10% glacial acetic acid. The tubes were then placed in boiling water for 15 min. After cooling to the room temperature, absorbencies were read at 520 nm. Accordingly, absorbance versus concentration of working solution was plotted to construct the calibration curve.
CIELAB Color Method. To assess the color changes after the treatments, a Minolta Chromo Meter CR 200 (Minolta Inc., Ramsey, Nj) colorimeter was used to measure the L*a*b* color space (CIELAB). The CIE-LAB color space uses the following parameters: L* indicates the lightness, and a* and b* are the chromaticity coordinates: −a* indicates green color, +a* indicates red color, −b* indicates blue color, and +b* indicates yellow color (Bialka and Demirci, 2007) . Three randomly selected spots on the untreated and treated samples were analyzed and then averaged to give the differences in L*, a*, and b* values.
Plastic Packaging Material Analysis
Top layers of plastic bags of vacuum-packaged meat samples untreated and treated with pulsed UV light at the mild (at 13 cm for 5 s), moderate (at 8 cm for 30 s), and extreme (at 5 cm for 60 s) treatment conditions were used for the evaluation of mechanical properties of plastics. First, plastic samples were disinfected by spraying surfaces with 70% ethanol. After conditioning at room temperature for 2 d, the plastic samples were analyzed for mechanical properties according to the ASTM D 882-02 test method (ASTM, 2002). A computer-controlled Instron model 4444 (Instron Cor-poration, Canton, MA) with LabView software (National Instruments, Austin, TX) was used to perform precision mechanical tests in tensile strength for both along-machine and perpendicular-to-machine direction. Specimens of 15 × 1 cm cut along-machine and perpendicular-to-machine directions were tested for each treatment condition. The rate of grip separation was adjusted to 6 mm/min. Based on the collected data, elastic modulus, yield strength, percentage of elongation at yield, maximum tensile strength, and percentage of elongation at break were determined.
Statistical Analysis
Each treatment was replicated in triplicate. As the statistical program, Minitab (Version 14, Minitab Inc., State College, PA) was used. The microbial reductions, energy levels and temperature changes, MDA contents, color changes, and mechanical properties of the packaging material were analyzed by using ANOVA-GLM. The mean differences were compared using Tukey's method at 95% CI.
RESULTS AND DISCUSSION
After the selection of packaging material, log reductions of Salmonella on unpackaged and vacuum-packaged samples were evaluated, and optimum treatment conditions were determined based on the log reductions and visual color of samples. In addition, energy and temperature of samples were monitored in the pulsed UV light chamber for each treatment condition (distance from the quartz window and treatment time).
Selection of the Packaging Material
Percentage of light transmittances of commonly used plastics for packaging are shown in Figure 2 . Accordingly, polypropylene, E-300, polyethylene, low-density polyethylene, and polynylone transmitted 75, 72, 68, 20, and 5% of UV light at 260 nm (shown by the vertical line on Figure 2 ), respectively. The transmissions were observed at 260 nm because most of the microbial inactivation occurs at about this wavelength (Hancock et al., 2004) . Based on the transmission data, polypropylene was selected as the packaging material, which had the highest UV transmittance among the tested plastic materials.
Log Reductions
The efficacy of pulsed UV light on NSR Salmonella Typhimurium inoculated on the surfaces of unpackaged and packaged raw chicken breasts was evaluated at treatment times of 5, 15, 30, 45 , and 60s at distances of 5, 8, and 13 cm from the quartz window.
Unpackaged Chicken Breast. Log reductions of NSR Salmonella Typhimurium on unpackaged samples ranged from 1.2 to 2.4 cfu/cm 2 after a 15-s treatment at 13 cm and a 60-s treatment at 5 cm, respectively (Table 1) . At a treatment distance of 5 cm from the UV strobe, the reduction in Salmonella was between 1.3 and 2.4 cfu/cm 2 and the visual color of samples started to change after the 15-s treatment. The 60-s treatment was significantly different (P < 0.05) from the 5-s treatment, whereas neither of them was significantly different (P > 0.05) from the 15-, 30-, and 45-s treatments. At 8 cm, the reduction ranged from 1.3 to 2.2 cfu/cm 2 and the visual color of samples started to change after the 15-s treatment. The 5-s treatment was not significantly different (P > 0.05) from the 5-, 15-, 30-, and 45-s treatments except the 60-s treatment, which was not significantly different (P > 0.05) from the 30-and 45-s treatments. At 13 cm, the reduction ranged from 1.17 to 1.81 cfu/cm 2 and visual color change occurred after the 30-s treatment. There was no significant difference (P > 0.05) between the treatment times at 13 cm.
Based on the significant differences between log reductions, the best treatments for unpackaged samples were the 15-s treatment at 5 cm and the 30-s treatment at 8 cm, both of which resulted in ~2 log (~99%) reduction. However, considering the visual color change caused by the heat generation in the chamber, the treatments should not exceed 15 s at either 5 or 8 cm. Therefore, treatment at 5 cm for 15 s can be accepted as the best treatment condition. Treatment at 13 cm was not considered as an optimum condition because the maximum log reduction was 1.4 cfu/cm 2 without any visual color change on sample surface.
Vacuum-Packaged Chicken Breast. Log reductions of Salmonella on vacuum-packaged samples ranged from 0.8 to 2.4 cfu/cm 2 after the 5-s treatment at 13 cm and the 60-s treatment at 5 cm, respectively (Table 2) . At a treatment distance of 5 cm from the UV strobe, the reduction in Salmonella was between 1.2 and 2.4 cfu/cm 2 and visual color change of plastic and sample surface was observed after 30 s. Although the 15-, 30-, and 45-s treatments were not significantly different (P > 0.05) from each other, they were significantly different (P < 0.05) from the 5-s treatment. The 60-s treatment was significantly different (P < 0.05) from the 5-, 15-, 30-, and 45-s treatments. At 8 cm, the reduction ranged from 1.1 to 1.9 cfu/cm 2 and the visual color of the plastic and samples started to change after the 45-s treatment. The 15-, 30-, 45-, and 60-s treatments were not significantly different (P > 0.05) from each other, whereas the 5-s treatment was significantly different (P < 0.05) from the 30-, 45-, and 60-s treatments. At 13 cm, the reduction ranged from 0.8 to 1.5 cfu/cm 2 and there was no change in the visual color of plastic or samples. At 13 cm, the 5-, 15-, and 30-s treatments and the 30-, 45-, and 60-s treatments were not significantly different (P > 0.05), respectively.
For the packaged samples, the best treatment condition based on the significant differences in log reductions was the 30-s treatment at 5 cm, which resulted in ~2 log cfu/cm 2 (99%) reduction. This treatment condi-tion can be accepted as the optimum because the visual color of the sample surface started to change after the 30-s treatment at 5 cm. Treatments at 8 or 13 cm were not considered to be optimum because lower log reductions without any change in visual color of the sample surface were obtained at these distances compared with the 30-s treatment at 5 cm ( Table 2 ). The log reductions were compared between distances from the UV strobe as well (Tables 1 and 2 ). For unpackaged samples, the treatments at 5 and 13 cm were significantly different (P < 0.05) from each other, whereas neither of them was significantly different (P > 0.05) from treatments at 8 cm. For packaged samples, treatments at 5 and 8 cm were not significantly different (P > 0.05) from each other, whereas they were significantly different (P < 0.05) from treatments at 13 cm. There was no observed interaction of both time and distance for the treatments of either unpackaged or packaged samples. The log reductions at each treatment condition were also compared between unpackaged and vacuum-packaged samples. No significant difference (P > 0.05) was observed between unpackaged and vacuum-packaged samples at any treatment condition except the treatment at 13 cm for 15 s, which exhibited only a slight difference.
The results clearly indicate that vacuum-packaging of samples slowed down the change in visual color of samples caused by the heat generation in the chamber. However, a longer treatment time was needed for packaged samples for approximately the same log reduction (~2 log). This is mainly due to the fact that depending on the light transmittance of the plastic material, the amount of light absorbed by the packaged samples was around 30% less than unpackaged samples. Within the same column, values not followed by the same superscript are significantly different (P < 0.05).
1 Distance from the quartz window, which is 5.8 cm below the UV strobe. Min et al. (2007) studied the effects of irradiation and organic acids on Bacillus cereus, Enterobacter cloacae, and Alcaligenes faecalis loads of chicken breast and thigh meat. They obtained about 2 log cfu/g reduction after irradiation at 0.5 kGy, whereas treatment with 0.2 M acetic or lactic acid followed by 24-h incubation yielded only up to 1 log cfu/g reduction. Al-Haddad et al. (2005) studied the effect of gaseous ozone on the microbial load of chilled chicken breast. Exposure to gaseous ozone (>2,000 mg/kg) for up to 30 min yielded 97 and 95% reductions in Salmonella Infantis and Pseudomonas aeruginosa, respectively. Accordingly, log reductions obtained after optimum treatment with pulsed UV light in our study (2 log, 99%) and after irradiation at 0.5 kGy (Min et al., 2007) were similar. However, higher log reductions were obtained compared with treatment with ozone (>2,000 mg/kg) for up to 30 min (Al-Haddad et al., 2005) and acetic or lactic acid (0.2 M) followed by 24-h incubation (Min et al., 2007) .
Energy and Temperature Measurements
The initial temperature of unpackaged and vacuumpackaged samples was 16.0 ± 1.2°C. Energy and temperature levels obtained at each treatment condition for unpackaged and packaged samples are shown in Tables  3 and 4 , respectively. For the unpackaged samples, the total amount of energy obtained was expressed as joules per square centimeter and varied from 2.9 to 67.0 j/ cm 2 after the 5-s treatment at 13 cm and after the 60-s treatment at 5 cm, respectively. Energy levels at 5 and 8 cm were not significantly different (P > 0.05), whereas energy levels at 8 and 13 cm were not significantly different (P > 0.05). However, energy levels at 5 and 13 cm were significantly different (P < 0.05). Energy level increased significantly (P < 0.05) with treatment time at each distance. The temperature difference between the treated and untreated (initial) samples varied from 3.9 to 36.8°C after the 5-s treatment at 13 cm and after the 60-s treatment at 5 cm, respectively. Temperature increases observed at 8 cm were not significantly different (P > 0.05) from 5 and 13 cm, whereas temperature increases at 5 cm were significantly different (P < 0.05) from 13 cm. At 5 or 8 cm, temperature differences increased significantly (P < 0.05) with treatment time. However, there was no significant difference (P > 0.05) in temperature increases after the 5-, 15-, and 30 streatments at 13 cm. Similarly, there was no significant difference (P > 0.05) in temperature increases after the 30-, 45-, and 60-s treatments, whereas the 45-and 60-s treatments were significantly different (P < 0.05) from the 5-and 15-s treatments at 13 cm.
For vacuum-packaged samples, the total amount of energy absorbed ranged from 2.7 to 60.2 j/cm 2 after the 5-s treatment at 13 cm and after the 60-s treatment at 5 cm, respectively. Energy levels observed at 5, 8, and 13 cm were not significantly different (P > 0.05). However, at each distance, energy level increased significantly (P < 0.05) with treatment time. The temperature difference ranged from 1.5 to 34.1°C after the 5-s treatment at 13 cm and after the 60-s treatment at 5 cm, respectively. Temperature differences observed at 8 cm were not significantly different (P > 0.05) from 5 and 13 cm, whereas temperature differences observed at 5 cm were significantly different (P < 0.05) from 13 cm. At each distance, temperature increases of vacuumpackaged samples changed significantly (P < 0.05) with Table 2 . Log reductions of nalidixic acid-and streptomycin sulfate-resistant Salmonella Typhimurium on vacuum-packaged boneless chicken breast after pulsed UV light treatments 1 Distance from the quartz window, which is 5.8 cm below the UV strobe. In the same column, values not followed by the same superscript are significantly different (P < 0.05). 1 Distance from the quartz window, which is 5.8 cm below the UV strobe. treatment time, except after the 5-and 15-s treatments at 13 cm, which were not significantly different (P > 0.05).
Total energy absorbed and temperature differences for packaged samples were slightly less than unpackaged samples, most probably due to the presence of packaging material. Statistically, energy levels obtained without packaging were significantly higher (P < 0.05) than those with packaging at the same treatment condition. However, temperature differences observed did not change significantly (P > 0.05) between unpackaged and vacuum-packaged samples at each treatment condition except the 5-s treatments at 8 and 13 cm.
Overall, energy and temperature tend to increase as treatment time increases at the same shelf level. This is mainly caused by the amount of energy received at that shelf level, which is accumulated in time and thus generates more heat. On the other hand, as the distance from the UV light increases, energy and temperature tend to decrease for the same treatment time. This is due to the fact that the intensity of the energy decreases as the distance from the light source increases (inverse square law; VanOsdell and Foarde, 2002) .
Quality Measurements
Unpackaged and packaged samples treated with pulsed UV light at the mild (at 13 cm for 5 s), moderate (at 8 cm for 30 s), and extreme (at 5 cm for 60 s) treatment conditions were analyzed for color and lipid peroxidation using a Minolta colorimeter (Minolta Inc.) and TBARS test, respectively. The color and chemical quality of the samples did not show any significant difference (P > 0.05) after mild and moderate treatments.
TBARS Test. The chemical qualities of untreated and treated samples were measured using TBARS test (Table 5 ). The samples were analyzed after the 5-s treatment at 13 cm (mild), 30-s treatment at 8 cm (moderate), and 60-s treatment at 5 cm (extreme). The amount of MDA was expressed as micrograms of MDA/10 g of meat.
For the unpackaged treated samples, the extent of lipid peroxidation was between 5.87 and 12.43 μg of MDA/10 g of meat after the 5-s treatment at 13 cm and the 60-s treatment at 5 cm, respectively. Malonaldehyde content of samples after the 60-s treatment at 5 cm was significantly different (P < 0.05) from untreated samples and samples after the 5-s treatment at 13 cm and the 30-s treatment at 8 cm. There was no significant difference (P > 0.05) observed between the results of untreated samples and samples after the 5-s treatment at 13 cm and the 30-s treatment at 8 cm.
For the packaged treated samples, the extent of lipid peroxidation was between 6.61 and 13.43 μg of MDA/10 g of meat. There was no significant difference (P > 0.05) between the results of untreated samples and samples after the 5-s treatment at 13 cm and the 30-s treatment at 8 cm. However, MDA content of samples after the 60-s treatment at 5 cm was significantly different (P < 0.05) from untreated samples and samples after the 5-s treatment at 13 cm and the 30-s treatment at 8 cm.
Comparing the quality changes of treated unpackaged and packaged samples, the extent of lipid peroxidation for the packaged samples was slightly higher than unpackaged samples, although there was no significant difference (P > 0.05) between MDA contents of unpackaged and vacuum-packaged samples before or after each treatment level. This may be due to the mi- In the same column, values not followed by the same superscript are significantly different (P < 0.05). 1 Distance from the quartz window, which is 5.8 cm below the UV strobe. gration of some chemicals from the plastic material to the samples, which in turn might have increased the level of MDA in samples slightly but not significantly (P > 0.05). However, a major study on this issue should be conducted to draw a conclusion. For now, the effectiveness of the pulsed UV light treatment needs to be proven first, before going into such detailed studies. Chouliara et al. (2008) studied the effect of irradiation (2 or 4 kGy) combined with modified atmosphere packaging (CO 2 and N 2 ) on the TBA values of chicken breast. Accordingly, the values ranged from 1 to 9 μg of MDA/10 g of meat, which were similar to TBA values in this study except those obtained after extreme treatment. Overall, all of the TBA values after pulsed UV light treatments were below 30 μg of MDA/10 g of meat, which was indicated as the limit value for oxidative rancidity of meat in the study of Chouliara et al. (2008) . However, our TBA values before and after mild and moderate treatments fall within the threshold for rancid odor, which is around 5.0 to 10.0 μg of MDA/10 g of meat (Tarladgis et al., 1960) .
CIELAB Color Measurement. The color parameters, L*, a*, and b* of untreated and treated samples were measured using the CIELAB color method. The samples were analyzed after the 5-s treatment at 13 cm (mild), 30-s treatment at 8 cm (moderate), and 60-s treatment at 5 cm (extreme). The differences in the parameters between treated and untreated samples were expressed as ΔL*, Δa*, and Δb* and are shown in Table 6 for both unpackaged and packaged samples.
For the unpackaged treated samples, the maximum differences in ΔL*, Δa*, and Δb* values were 23.43, 3.46, and 7.70, respectively, which were observed after the 60-s treatment at 5 cm. There was no significant difference (P > 0.05) between the ΔL*, Δa*, and Δb* values of untreated samples and samples after the 5-s treatment at 13 cm and the 30-s treatment at 8 cm. However, ΔL*, Δa*, and Δb* values of samples after the 60-s treatment at 5 cm were significantly different (P < 0.05) from untreated samples and samples after the 5-s treatment at 13 cm and the 30-s treatment at 8 cm.
For the packaged treated samples, the maximum differences in ΔL*, Δa*, and Δb* were 31.59, 4.34, and 13.35, respectively, which occurred after the 60-s treatment at 5 cm. There was no significant difference (P > 0.05) between the ΔL*, Δa*, and Δb* values of untreated samples and samples after the 5-s treatment at 13 cm and the 30-s treatment at 8 cm. However, ΔL*, Δa*, and Δb* values of samples after the 60-s treatment at 5 cm were significantly different (P < 0.05) from untreated samples and samples after the 5-s treatment at 13 cm and the 30-s treatment at 8 cm.
These findings indicate that for both unpackaged and vacuum-packaged chicken breast, the extreme treatment with pulsed UV light increased the lightness (L*), redness (a*), and yellowness (b*) of samples significantly (P < 0.05), whereas mild and moderate treatments did not affect the color of samples significantly (P > 0.05). At each treatment level, the color parameters of unpackaged and vacuum-packaged samples were not significantly different (P > 0.05) except at the extreme treatment, which resulted in a significantly higher (P < 0.05) change in b* value of vacuum-packaged samples compared with unpackaged ones.
In the study of Liu et al. (2003) , the effect of irradiation (0.18 to 4.57 kGy) on the color parameters of chicken breast was evaluated. As the irradiation dose increased, a* value increased, b* value decreased, and L* value did not change significantly. The similarity between our findings and those of Liu et al. (2003) was the increase in a* (redness) value with increased level of treatment because we obtained significantly higher (P < 0.05) a* values after extreme treatment.
Mechanical Properties of Packaging Material
Several mechanical properties of the packaging material were determined after treatment of vacuum-packaged chicken breast samples at mild, moderate, and extreme treatment conditions. The mechanical properties tested were elastic modulus, yield strength, percentage of elongation at yield point, maximum tensile strength, and percentage of elongation at break, all of which represent the most meaningful properties for an effective packaging material.
Elastic modulus, a measure of the resistance of a material to deformation in the elastic range, is a critical mechanical property, which is determined by tak- Table 6 . ΔL*, Δa*, and Δb* values for unpackaged and packaged samples Within the same column, values not followed by the same superscript are significantly different (P < 0.05) for unpackaged or packaged samples.
ing the slope of the stress-strain curve (ASTM, 2002) . If elastic modulus of a packaging material decreases, it loses its stiffness. Yield strength, another important mechanical property, represents the stress applied to the material at yield point (i.e., at which deformation increases rapidly because resistance to deformation is approximately zero). Percentage of elongation at yield point is the amount of stretch materials exhibit at yield point. Maximum tensile strength is the highest amount of stress that can be applied to the material until its break. Percentage of elongation of the packaging material at break point shows how long the packaging material can be stretched until it ruptures.
Elastic Modulus. As indicated in Table 7 , the elastic modulus decreased with treatment in both along-machine and perpendicular-to-machine directions. Along the machine direction, the elastic modulus decreased from 778 to 627 MPa for untreated samples and samples after extreme treatment. Mild and moderate treatments did not change elastic modulus significantly (P > 0.05). For the perpendicular-to-machine direction, the elastic modulus decreased from 761 to 498 MPa for samples untreated and treated at extreme conditions. None, mild, and moderate treatments were not significantly different from each other (P > 0.05), whereas moderate treatment was not significantly different (P > 0.05) from the extreme treatment. Therefore, it can be concluded that extreme treatment changed the elastic modulus of the samples in both along-machine and perpendicular-to-machine directions, whereas mild and moderate treatments did not significantly (P > 0.05) affect this property.
Yield Strength and Percentage of Elongation at Yield Point. As shown in Table 8 , the yield strength of samples untreated and treated at mild, moderate, and extreme conditions varied between 17.7 and 15.7 MPa in along-machine direction and between 15.2 and 9.2 MPa in perpendicular-to-machine direction. The yield strength of samples was not significantly (P > 0.05) changed for the along-machine direction by mild, moderate, or extreme treatment. In the perpendicular-tomachine direction, mild and moderate treatments were not significantly different (P > 0.05) from either nontreatment or extreme treatment, whereas the extreme treatment was significantly different (P < 0.05) from nontreatment.
Percentage of elongations of samples at yield point varied between 7.8 and 9.4% in the along-machine direction and between 5.3 and 8.6% in the perpendicularto-machine direction. In either along-machine or perpendicular-to-machine directions, the mild, moderate, and extreme treatments did not significantly differ (P > 0.05) from the nontreatment (Table 8) .
Maximum Tensile Strength and Percentage of Elongation at Break. As indicated in Table 9 , the maximum tensile strength of samples varied between 45.8 and 49.0 MPa in the along-machine direction and 15.7 and 18.1 MPa in the perpendicular-to-machine direction. For mild, moderate, and extreme treatments, the maximum tensile strength did not differ significantly (P > 0.05) from the nontreatment in either alongmachine or perpendicular-to-machine direction ( Table  9 ). Percentage of elongation of samples at break varied between 688 and 735% in the along-machine direction and between 427 and 625% in the perpendicular-to-machine direction. No significant difference (P > 0.05) was observed for the none, mild, moderate, and extreme treatments at either directions (Table 9) . George et al. (2007) studied the effect of gamma irradiation on commercial polypropylene-based food pack- Within the same column, values not followed by the same superscript are significantly different (P < 0.05). aging materials. They reported that the mechanical properties including tensile strength and percentage of elongation decreased with irradiation (2.5 to 10.0 kGy). Our findings are similar to those of George et al. (2007) in terms of tensile strength because yield strength and maximum tensile strength tend to decrease after extreme pulsed UV treatment, although not significantly (P > 0.05), compared with untreated samples.
In conclusion, the findings of this study demonstrated that pulsed UV light was effective on Salmonella Typhimurium on the surfaces of unpackaged and vacuum-packaged (polypropylene) fresh boneless chicken breasts. The log reductions of Salmonella after treatments were determined and the optimum treatment conditions for unpackaged and packaged samples were found to be at 5 cm for 15 s and at 5 cm for 30 s, respectively. The treatment of both unpackaged and packaged samples resulted in ~2 log reduction. The lipid peroxidation and color quality of samples were evaluated after mild, moderate, and extreme treatments. The color and chemical quality of the samples did not show a significant difference (P > 0.05) after mild and moderate treatments. The effect of pulsed UV light on the mechanical properties of the plastic packaging material (polypropylene) was determined for the mild, moderate, and extreme treatments. The elastic modulus of polypropylene at both along-machine and perpendicular-to-machine directions and yield strength at perpendicular-to-machine direction were the only mechanical properties that showed a significant difference (P < 0.05) after extreme treatment, which will most probably not be the case for the commercial treatment.
